An efficient λ/2-method (λ is the resonant wavelength of laser radiation) based on nanometric-thickness cell filled with rubidium is implemented to study the splitting of hyperfine transitions of 
Introduction
It is well known that in an external magnetic field B the energy levels of atoms undergo splitting into a large number of Zeeman sublevels which are strongly frequency shifted, and simultaneously, there are changes in the atomic transition probabilities [1, 2] . Since ceasium and rubidium are widely used for investigation of optical and magneto-optical processes in atomic vapors as well as for cooling of atoms, for
Bose-Einstein condensation, and in a number of other problems [3, 4] , therefore, a detailed knowledge of the behavior of atomic levels in external magnetic fields is of a high interest. The implementation of recently developed technique based on narrowband laser diodes, strong permanent magnets and nanometric-thickness cell (NTC) makes the study of the behavior of atomic transitions in an external strong magnetic field simple and robust, and allows one to study the behavior of any individual atomic transition of 85 Rb and 87 Rb atoms for D 1 line [5, 6] .
Recently, a number of new applications based on thin atomic vapor cells placed in a strong magnetic field have been demonstrated: i) development of a frequency reference based on permanent magnets and microand nano-cells widely tunable over the range of several gigahertz by simple displacement of the magnet;
ii) optical magnetometers with micro-and/or nano-metric spatial resolution [5, 6] ; iii) a light, compact optical isolator using an atomic Rb vapor in the hyperfine Paschen-Back regime is presented in [7, 8] ; iv)
it is demonstrated that the use of Faraday rotation signal provides a simple way to measure the atomic refractive index [9] ; v) widely tunable narrow optical resonances which are convenient for a frequency locking of diode-laser radiation [10] .
Strong permanent magnets produce non-homogeneous magnetic fields. In spite of the strong inhomogeneity of the B-field (in our case it can reach 15 mT/mm), the variation of B inside the atomic vapor column is by several orders less than the applied B value because of a small thickness of the cells. [7, 8, 9] . However with this technique even in the case of using pure isotope 85 Rb, the atomic lines will be strongly overlapped.
Although, the HPB regime was discovered many decades earlier (see Refs. in [2, 12, 13] ), however the implementation of recently developed setup based on narrowband laser diodes, strong permanent magnets and NTC makes these studies simple and robust, and allows one to study the behavior of any individual atomic transition of 85 Rb and 87 Rb atoms; the simplicity of the system also makes it possible to use it for a number of applications.
In this paper we present (for the first time to our best knowledge), the results of experimental and theoretical studies of the Rb 
EXPERIMENTAL DETAILS

Nanometric-thin cell construction
The design of a nanometric-thin cell NTC is similar to that of extremely thin cell described earlier [14] .
The modification implemented in the present work is as follows. Figure 1 presents the experimental scheme for the detection of the absorption spectrum of the nanocell filled with Rb. It is important to note that the implemented λ/2-method exploits strong narrowing of absorption spectrum at L = λ/2 as compared with the case of an ordinary cm-size cell [11, 14] . Particularly, The nonlinearity has been evaluated to be about 1% throughout the spectral range.
Experimental setup
The strong magnetic field was produced by two ∅ 50 mm permanent magnets (PM) with 3 mm holes (to allow the radiation to pass) placed on the opposite sides of the NTC oven and separated by a distance that was varied between 40 and 25 mm (see the upper inset in Fig. 1 ). The magnetic field was measured by a calibrated Hall gauge. To control the magnetic field value, one of the magnets was mounted on a micrometric translation stage for longitudinal displacement. In the case where the minimum separation distance is of 25 mm, the magnetic field B produced inside the NTC reaches 3600 G. To enhance the magnetic field up to 6 kG, the two PM were fixed to a metallic magnetic core with a cross section of 40 mm x 50 mm. Additional form-wounded Cu coils allow for the application of extra B-fields (up to ± 1 kG) (see the inset of Fig. 1 ). The beam with σ + circular polarization was formed by a λ/4 plate. The beam was focused by a lens (F = 20 cm) on the NTC to create a spot size (1/e 2 diameter, i.e. the distance where the power drops to 13.5 % of its peak value) in the cell of d = 0.6 mm and then collimated by a second lens (not shown in Fig. 1 ). To form the frequency reference (from which the frequency shifts were measured), a part of the laser beam was directed to a unit composed of an additional NTC with L = λ/2. The absorption spectrum of the latter at the atomic transition F g = 1 → F e = 1, 2 served as a reference (another weak transition
is not well seen) [10] .
EXPERIMENTAL RESULTS and DISCUSSIONS
Magnetic field B < 3 kG
In case of relatively low magnetic fields (∼ 1 kG) there are 60 allowed Zeeman transitions when circular laser radiation excitation is used, with 22 atomic transitions belonging to 87 Rb, and 38 transitions belonging 
Magnetic field B > 3 kG : hyperfine Paschen-Back (HPB) regime
In case of strong (B > 3 kG) magnetic fields, the frequency separation between the atomic transitions increases, which allows one to separate practically any individual transition by using λ/2-method. A remarkable value of the magnetic field is 4.5 kG, since at B > 4.5 kG, 20 atomic transitions are regrouped to form two separate groups of ten transitions each and the frequency interval between these two groups increases with the magnetic field (see below).
In Fig. 3 ) shows the fragment of the spectrum (presented in Fig. 3(a) ) for the atomic transitions la- The fragment of the spectrum (presented in Fig. 3(a) ) is shown in Fig. 3(c) It is important to note that, as seen from Fig. 3 , the absorption peak numbered 1 is the most convenient for magnetic field measurements, since it is not overlapped with any other transition in the range of 1−10 kG (see also Fig. 4 ), while having a strong detuning value in the range of 2 − 2.3 MHz/G.
The manifestation of HPB regime.
The magnetic field required to decouple the electronic total angular momentum J and the nuclear magnetic momentum I is given by nian matrix on magnetic field for the full hyperfine structure manifold [2, 4, 5, 17, 18, 19] . The calculated dependence of atomic transition probabilities (shown in Fig. 6 ) and frequency shifts vs B (shown in Fig. 5) are obtained using formulas (1)- (7) from work [11] and are omitted in the paper due to their bulkiness.
Particularly, recently it has been demonstrated that the calculations using the above mentioned formulas perfectly well describe the experimental observation of a giant modification of the atomic probabilities of the Cs D 2 line F g = 3 → F e = 5 transitions (which are forbidden for B = 0) in strong magnetic fields [20] .
It is important to note that for B ≫ B 0 the energy of the ground 5S 1/2 and upper 5P 3/2 levels for Rb D 2 line is given by the following equation [16] :
The values for nuclear (g I ) and fine structure (g J ) Landé factors and hyperfine constants A hf s and B hf s are given in [16] . Note, that Eq. (1) gives correct frequency positions of the components 1 − 20 with an inaccuracy of 2% practically when B ≥ 10B 0 , i.e. B ≥ 6 − 7 kG for 85 Rb and B ≥ 20 kG for 87 Rb [19] . Fig. 4 ) are nearly equal to each other when the initial and final energy levels are the same (see below).
The slopes of the transitions for the fields B ≫ B 0 can be easily found from Eq. (1) as the same group. However, since for natural rubidium the atomic density ratio N ( 85 Rb)/N ( 87 Rb) ≈ 2.6, the peak absorption of the atomic transitions for 85 Rb is nearly 1.5 times larger than that for 87 Rb (Fig. 6 ).
It is worth to note that the probability of the atomic transition for 87 Rb labeled 20 (for low magnetic field it could be presented as transition F g = 2, m F = +2 → F e = 3, m F = +3) is the same in the whole range of magnetic field from zero up to 10 kG. This is caused by the absence of Zeeman sublevels with F g = 1, m F = +2 and F e = 2, m F = +3, since the perturbation induced by the magnetic field couples only sublevels with ∆m F = 0 which satisfies the selection rules ∆L = 0, ∆J = 0, ∆F = 1, where L is the orbital angular momentum and F is the total atomic angular momentum (see formula (2) from [17] ). Thus, probability modification is possible only for transitions between sublevels each of which is coupled with another transition according to the selection rules presented above. Due to the similar reason the probability of the atomic transition for 85 Rb labeled 19 (it could be presented as transition
) is also the same in the range of magnetic fields from zero up to 10 kG. Since for the transitions labeled 19 and 20 the absolute value of the probability could be calculated from [16] , thus using the experimental results presented in Fig. 3 
Conclusion
We present the results of experimental and theoretical studies of Possible applications of the λ/2-method can be mentioned: (i) making a reference at a strongly (up to ±15 GHz) shifted frequency with respect to the initial atomic levels of Rb with the use of a permanent magnet as well as frequency locking of diode-laser radiation to these resonance [10] ; (ii) designing a magnetometer for measuring strongly inhomogeneous magnetic fields with a high spatial resolution [5] ; (iii) designing an optical insulator based on Rb vapor with the use of the Faraday effect in strong magnetic fields (∼ 6 kG), as was implemented in [7] .
Taking into account that the probability of atomic transitions increases with B, we do not expect any limitations for using the λ/2-method at B > 10 kG.
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